A rational definition for characterizing the capacity of a cigaret filter to selectively modify the chemical composition of mainstream smoke is presented. The definition is related to the concept of separation factor as defined in chemical engineering and applied .in the description of various unit processes.
INTRODUCTION
Over the past several years a number of papers have appeared which discuss the phenomenon of "selective" alteration of mainstream cigaret smoke by various cigaret filters. In these works, one observes the composition of the smoke from an all tobacco cigaret and compares it with that of the mainstream delivered from the cigaret with a filter attached. If the concentration of the smoke components of interest is not altered by. the filtration process, one then observes no selective reduction, only a certain reduction in the total amount of smoke delivered. On the other hand, if the concentration of one or another component is altered · to a greater extent than ail others, then we may speak of selective alteration. If the concentration is reduced, based upon the total amount of smoke, or some other suitable normalization, we speak of "selective" reduction or filtration. In principle, the amount of a component might be increased through filtration. Should this be observed, one would find a "selective" increase, or yield, over that from the non-filter "equivalent cigaret". It is obvious that much attention to definition of experimental equivalence will be required in this situation. No further comment on this pointwill be made in this paper.
We find it convenient to invert the scheme of eq (1) above in devising a "selectivity" factor to describe the depletion in concentration of mainstream smoke by the selective removal of various components by a selective filter. We, therefore, adopt the following as a definition of selectivity factor to describe the desired property of a cigaret filter:
5
~ Concentration of x in "equivalent" unfiltered smoke
x · Concentration of x in filtered smoke (z)
If a filter performs no differently than the "equivalent", all-tobacco cigaret with respect to modifying x, selectivity is not p,resent and ~ = 1. If the filter is less selective than the all-tobacco cigaret, Sx < 1. In all cases where some element of selectivity is present in a filter, Sx > 1.
It has been our purpese in designing a dimensionless ratio to characterize the selectivity of a cigaret filter to attempt a definition which, in principle, should be insensitive to, if not independent of, the amount and type of smoke passed by the filter either tinder conditions of smoking to a constant length of standard tobacco, or with respect to the yield per puff. As will be shown, the number fulfills part of this goal.
This definition ( eq [ 2]) can be more explicitly written as :
No L oAxj j=l.
n=l.
j=l.
In eq (3), the superscript ( 0 ) refers to the standard (non-Hlter) equivalent all-tobacco cigaret, while (f) refers to the filter cigaret whose selectivity for component x is sought. The symbol k Axj denotes the weight of component x for cigaret k = o, f contributed by puff j. The summation is taken over the number of puffs used in the comparison. N 0 refers to the puff number required to smoke the all-tobacco control to the arbitrary end point used in the comparison, while Nf similarly refers to the filter cigaret under study. The Symbols kcn refer to the weight of condensate trapped in the smoking experiment. The values of k = o, f are as before, and the values of j range over the number of puffs, either N 0 or Nf. In this terminology the efficiency, E, of the Hlter in removing whole smoke is a function of kcn, as shown below, in terms of the fractional reduction of condensate:
n=l. n=l.
From both the above definitions it is seen that the condition N 0 = Nf will simplify the formulas somewhat; however, as is commonly clone, smoking to fixed butt lengths will in general make No 9= Nf. 1t is seen that estimates for fixed numbers of puffs or on a per puff basis can in principle be made from the above formula for selectivity, Sx· However, for many of those compounds commonly found in the "particulate" phase of cigaret smoke, the estimation is analytically difficult due to practical considerations. On the other hand, it is relatively easy to measure on a per puff basis the amounts of compounds present in the so-called "gas phase". For example, all material passed by a standard Cambridge trap may be termed "gas". In our laboratories we experience no difficulty in measuring the necessary quantities to provide a selectivity value for substances sudt as acetaldehyde, acrolein, etc., under the indicated definition. It should be noted that in defining the selectivity number proposed here that a total smoke condensate is used. In the case of per puff selectivity the value for normalization, of necessicy due to practical considerations, is some type of average obtained either from many puffs or a given puff from many cigarets. Selectivity as defined here is closely inter-related to the fractional reduction of smoke by the filter, E. In fact, it is related through the fractional reduction of the compound x, Rx. The latter may be defined as:
No Nf L:
With this definition of Rx, and E as defined previously, Wehave found that the measurement of condensate is most readily obtained by trapping the smoke at -8o° C, capping the trap loosely and warming it to room tempera-
0 1t is clear that all or part of cer-
tain highly volatile materials ~hich are trapped initially do not appear in the condensate weight used in normalization. Further, the substance in the trap includes moisture initially present in the air used during the smoking process. The latter is maintained constant in our smoking laboratory with good precision at 6o ± 2. 0 /o R. H., at a temperature of 72. ± 1o F.
It is possible to refer selectivity to tobacco used by a particular cigaret manufacturer on one hand, and on the other to an arbitrarily chosen standard tobacco column. Values obtained in these two ways for three commercial filter tips found on three popular US cigarets as produced during 1963 are shown in Table 1 . These selectivities refer to the selective removal of phenol by the listed filters. It is feit that the characterization of phenol selectivity is perhaps more direct and Straightforward if one bases this 2.06 upon a. standard tobacco column. The phenol deter- A !arger number of · commercial cigaret filters produced in the United States have been characterized with regard to their ability to selectively filter phenol from the mainstream smoke. A standard tobacco column and an 85 mm overall _cigaret length were used. All cigarets were smoked to a 25 mm butt length. These values are presented in Table 2 . It is possible to use the same filters listed in Table 1 to characterize their selectivity for removing ortho, meta, and para-cresols. The selectivity values obtained for the removal of the sum of these compounds are shown in Table 3· Empirically, we have found in commercial acetate filter tow fabricated by commercial processes into rods that the pressure drop per se of tips cut therefrom does not exert a major influence upon the selectivit)r; in other words, filter parameters other than pressure drop exert a much greater influence. Similarly, tobacco types as shown in Tables 1 and 3 , do not appear to contribute in a major way to variation in the selectivity values • Determined with its own tobacco column so long as individual laboratory procedures are intern-•• Determined with standerd tobacco column, Cig. A ally consistent. It is perhaps surprising, but nonetheless true, when this type of consistency is present, that the selectivity values for a given filter are remarkably similar, as indicated in Table 4· Workers at both the Sloan-Kettering Institute (2) and the P. Lorillard Company (4) laboratories have noticed that the removal of phenol from the mainstream smoke is related to the age of the fllter rods used in cigaret manufacture. These ageing effects, as reported in the literature, appear to saturate after approximately one month of ageing. Another type of ageing effect has been observed over a much Ionger time scale. This involves the change in selectivity value for filters cut from rods over a period of about one year. In this case it is reasonable to presume that the plasticizer applied during rod manufacture has had adequate time to reach equilibrium throughout the individual fibers Comparison of phenol selectivity data as weil as to become reasonably uniformaily dispersed amongst the fibers in the filter. The effect of this uniformizing of plasticizer content which is surely accomplished by normal diffusion processes is to substantially reduce the selectivity of the filter for at least phenol. V alues for the freshly manufactured tips measured by us of J.o were reduced to 2.3 on storage of the rods in the absence of tobacco for a period of about one year. Neurath (1.964) (1.6) has reported the generaily high yield of phenol in tobacco smoke which is conditioned and smoked at low relative humidity and compared with the generaily lower yield from tobacco when smoked and con- .c Q. When filter cigarets were similarly conditioned and smoked a value of selectivity is obtained which is characteristic of the relative humidity of the experiment as indicated in ERect of moisture on phenol selectivity factor in determining the phenol selectivity for cellulose acetate tow based tips. Similar data have been obtained by us and a typical selection of these is presented in· Table 6 . We have made a study of the effect of filter length relative to the tobacco column length upon the selectivity number Sx. The tobacco columns were cut from 85 mm, non-filter US cigarets, graded for weight and pressure drop uniformity. The tips were cut from a carefully selected set of rods, having a fixed Ievel of triacetin plasticizer and a uniform tow structure. The pressure drop per unit length of rod was fixed at !J.P/!J.L = 2.8 millimeters of Hl!Ü/mm at a flow rate of 1.7.5 cc/min. Three different geometrical cases were considered in this work, Cases A, B and C. In the first, Case A, a fixed tobacco length was tipped with three different length sections, cut from the above-described filter rods. These lengths are shown in Table 7 . In Case B, a fixed cigaret length of 85 mm was maintained and · the three filter lengths were added to variable lengths cut from the tobacco columns. These are shown in Table 8 . The filter rods used in this experiment were relatively old, so that no timewise variations are expected in the data which were accumulated over a period of several months. Table 8 , is thought to be a more practical demonstration of the effect of filter tip length on phenol selectivity than Case A. Again, it is seen that phenol selectivity increases with increasing filter tip length. The 5 value of 2.8 for the 20 mm tip is significantly higher than the 5 values of 2.1. and 1..35, respectively, for the 1.5 mm and 1.0 mm tips. In either case, greater selective filtration is achieved with increasing filter tip length. It would follow from the above that a higher phenol selectivity could be achieved with a 25 mm tip. Finally, in Case C, an optimum combination of filter tip length and tobacco column length was sought. Filter tip lengths of 1.0, 1.5, and 20 mm were studied in cigarets with overall lengths of 70, 78, and 85 mm, respectively. All cigarets were smoked to a 25 mm butt length-this includes the filter tip. The filter was the same as before.
Phenol selectivity values were determined in the manner described and are tabulated in Table 9· TABLE9 Tip length averages, however, demonstrate, the previously described increase in selectivity with increasing filter tip length. There has been, during the past year, renewed interest in filters which possess the capacity to remove certain "gas phase" constituents of mainstream smoke. One type of such tip is fab~;icated from activated carbon, fused into a porous plug with a polyolefin bonding agent. These tips are then incorporated as part of a dual filter. Another type involves the use of loose carbon held in place by two sections of acetate tow based tips. Both of these types of multicomponent tips containing carbon possess the ability to selectively remove various components of the "gas phase". In the case of the loose carbon bed type, a rather comprehensive listing of the compounds selectively removed from the "gas phase" has been reported by Keith (1963) . We have measured the phenol selectivity of both types and found the results tabulated in Table 1 .0. We have found recently that it is possible to obtain quite high phenol selectivity in dual filters with an overall length of 20 mm, half of which contains a sig:nificant Ievel of activated carbon to remove "gas" from mainstream smoke. When the backup acetate section is properly fabricated, the combination dual tip is observed to have a high phenol selectivity. This is to be contrasted with the generally low values dis.:: played in Table 10. Table 11 summarizes these results. In conclusion we wish to emphasize the following : 1. A rational definition of selectivity is proposed. Phenol selectivity of experimental dualtip 2. The explicit relationship between the selectivity and the fractional reduction of the amount of condensate delivered by the filter has been developed in terms of the fractional reduction in the compound selectively reduced.
3· Typical values of selective reductions for phenol and cresol are presented for a wide range of filters available worldwide.
4·
It is shown for a typical filter rod that phenol selectivity is increased by increasing the length of the filter section. There is a possibility that for a given filter rod and tobacco, that there is an optimum combination of filter length and · cigaret length to yield maximum selectivity. More work is needed on this point.
5· Selectivity in the reduction of weakly acidic compounds is increased with increasing plasticizer content for the case of cellulose acetate tow.
Finally, we note that in principle the concept of selectivity can be extended to "gas phase" constituents of smoke. Certain dual filters have been observed to exhibit quite high selectivity for substances such as acrolein and acetaldehyde. These observations can be cast within the &amework of selectivity as defined in this paper.
SUMMARY
A rational definition for Characterizing the capacity of a cigaret filter to selectively modify the chemical composition of mainstream smoke is presented. The definition is related to the concept of separation factor as defined in chemical engineering and applied in the description of various unit processes. A number of numerical values for a wide range of cigaret filters currently found in the world market place are presented. The relative independence of the selectivity as defined in this paper upon tobacco types is demonstrated. Using a fixed filter construction in terms of amount and type of cellulose acetate fiber and plasticizer content, selectivity values are presented as a function of cigaret length and relative proportion of the cigaret which is allotted to the filter. Further, it is shown that selectivity appears to increase with length for given filter construction parameters; A limited amount of data regarding selectivity for weak acid components of mainstream smoke and certain gas phase components is presented as a characterization of dual filters currently on the US market. 
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Note Added ln Prool
COMP ARISON BETWEEN THE "DIRECT" AND "INDIRECT" METHODS FOR MEASURING CIGARET FILTER SELECTIVITY
There are two ways in which the efficiency of a cigaret filter can be expressed. On one hand the filter can be placed upon a tobacco column, smoked in a fixed fashion and the smoke yield compared with that obtained from some standard or "equivalent" unfiltered cigaret. lf these yields are, respectively Y F and Y 0 , the efficiency can be defined by:
Alternately, omi may smoke the given filter cigaret and measure the amount of smoke delivered, Cy, and the amount picked up by the filter Cf. In these terms, efficiency of the filter may be defined by:
The method for measuring the efficiency, E, (Eq 1.) can be termed an indirect mel:hod, in that it involves comparison with some arbitrarily chosen "equivalent" cigaret. The method for measuring e, (Eq 2), only requires smoking a given filter cigaret. This in part reflects a more direct determination of efficiency.
Earlier, Davis arid George (1.964) have proposed a measure of the selective Eiltration which is related to the indirect method for measuring filter efficiency. In these terms, selectivity is defined by:
where Y 0 and YF are defined above, and a 0 and aF refer to the amount of the component x, in the standard and test cigaret (filter) respectively.
More recently, Davis and George (1.965, unpublished) have proposed an alternate definition for expressing selective filtration using the concepts implicit in the direct definition of filter efficiency, e. This direct method expresses the selectivity as a partitioning of the amounts of components x, af and ay found respectively on the filter and in the smoke yield. In these terms the selectivity, ax, can be defined as a dimensionless nurober through: af Cf ax= ~ (4)
Cy
In both schemes for expressing selectivity (indirect and direct) the dimensionless number or index of selectivity is related algebraically to the corresponding efficiency and a ratio measuring the "efficiency" with which the component in question is filtered. In the case of the indirect measure 
It is clear from this form that as the removal of the component, x, becomes more complete, Qx -+ 1.. In this event the partition selectivity ox-+ oo, if e remains finite and less than unity. A special case, where e -+ 1. as Qx -+ 1., leaves the selectivity, ox, indeterminate. Similarly, if E and Qx both approach zero, ox becomes indeterminate. If the case of very low smoke removal efficiency with selectivity is considered, the formalism again contains a singularity. In such a region of low efficiency the indirect definition given by Eq 5, is clearly preferable (if E -+ o, Sx remains finite,
given Rx finite and less than unity).
These two schemes for defining selectivity can be collapsed into one common scheme if the "equivalent" cigaret can be chosen in a certain conceptual way. If one chooses to make the equivalent cigaret. that, which yields smoke amounts and component amounts at the face of the filter equal to those effective in the case of direct selectivity or efficiency experiments, then it can be shown that E -+e Rx-+ Px The above discussion highlights the role of the 11 equivalent 11 cigaret in the definitions of selectivity and efficiency using the indirect method for experimental determinations. If this 11 equivalent 11 cigluet is so chosen to make Sx ~ 1, as is sometimes convenient, there is no simple relation between Sx and ox. This case is useful practically when the pickup by the filter of smoke and/or a given component is small and difficult to measure. The direct definition of selectivity, ax, is of less value in this event, and the choice of the 11 equivalent cigaret 11 can be based upon other factors.
